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C1IAPTKK I 



IhJRUJUCTIQfl 

World War II ended with the scientific advances in fire control— 
•whether of rockets, "bombs, or guns — leading to the c*tch phrase “push- 
button var. M Though overpopulnrized and often misunderstood, this 
phrase indicates a sound military factor; that the elimination of the 
human element in a functional position improves performance. 

iron the standpoint of shipboard installations, the greatest 
requirement to date is that each gun must comprise within its mount 
a complete control system. This requirement is dictated by considera- 
tion of simultaneous attacks and is extended by the “push-button w 
motive to include the elimination of human operators wherever possible. 

The fire control problem includes target acquisition, tracking, 
determination of lead angle and trajectory corrections, and correction 
to errors in the solution. Acquisition and tracking are initially 
radar problems, the movement of the gun to match the indicated track 
a servomechanisms problem. The determination of lead rngle and 
corrections lies in the field of computer design. Servomechanisms 
must again translate indicated angles into actual gun positions. The 
errors in the solution may be determined by human eye, radar, or radio, 
but a servomechanism will be needed to introduce the correction to gun 
angle. Thus it is seen that servomechanisms are mechanical substitutes 
for human operators as well as sources of power. 

For shipboard use the track is made much more difficult by reason 
of the instability of the gun platform. For most guns the maximum 
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accelerations and velocities are demanded to meet the roll and pitch of 
the ship rather than to follow high speed and maneuverable targets. 

Simple systems capable of detecting and removing ship movement at the 
gun, and also capable of acting on tracking information as accurately 
as before were desired. The rate-controlled servo offered the smaller 
amount of equipment for the better job when compared to the position- 
controlled servo. 

Simultaneously with this demand for improvement in the servo 
performance there developed vithin the engineering field an increased 
understanding of the servomechanism technique. The industry was ready 
when the need for rate servos was recognized. 

As this has been a recent development, there is considerable interest 
in the problem of converting position-controlled to rate-controlled servos. 
This thesis proposes to explore this problem in its particular application 
to gun power drives having amplidynes as their prime movers. Represen- 
tative figures for amplidyne and gun characteristics will be used as 
necessary or desirable to illustrate material, to allow selection of a 
course of action, and to represent quantitatively mathematical concepts. 
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CHAPTEli II 



BASIC THKOltY OF 

POSITION-CONTHOLLXD AND KATE- CONTIIOLLED I OVER DRIVES 



Essentially all power drives are isotors. Hence for a constant 
signal, velocity results. This signal may be supplied by any device. 

For this problem, the devices concerned will be position and velocity 
error-measuring means which are described in some detail in Chapter III. 
Discussion is restricted to simple proportional servos (type I) unless 
specifically stated otherwise. * 

If the signal is produced by an error in position, then when the 
driven member moves to the point coincident with the control member, the 
error becomes zero and the driven member stops. Hence a position servo 
using a motor is essentially a zero positional error device, and for a 
fixed control input reaches this zero. If the position of the control 
member is changing at a constant rate, then the error increases until 
it has reached a great enough value to cause the driven member to move 
with sufficient speed to match the speed of the control element. These 
statements disregard transient effects. Thus the error in a position 
servo, when the input is a velocity, is a measure of the gain of the 
system. With a high gain, this error may be kept small. If the system 
is a slow one, that is, has an appreciable time lag between change in 
input velocity and change in output response, the error may, during this 
transient phase, reach much larger values; but once steady state exists, 
the error returns to the value determined by the system's gain. 

A rate servo compares velocities to determine error. Hence the 
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•Type I Servos as defined in the paper, "Transient Behavior and Design 
of Servomechanisms,** 19^3, M.I.T., Prof. Gordon S. Brown, Sec. 5t 10 • 



output velocity must always be just sufficiently less than the input 
velocity so that the e: isting error will produce this output velocity. 

A position eervo operating at constant velocity introduces a 
constant p ositional error to maintain the approximate match. A rate 
servo operating at constant velocity introduces a constant velocity 
error to maintain the approximate match. Thus, over a period of time, 
the position servo's positional error does not change; but the rate 
servo's positional error increases constantly as tho integral of its 
velocity error. Strictly speaking, a rate servo, dealing only with 
velocities, has no position in its loop. To speak of position error 
for a rate servo it is necessary to think of it as being in some 
application, such as in the stabilisation loop of a gun (see Chapter III). 
Then position error may be reckoned as the difference between the 
initial position of the gun barrel with respect to the stabilizing gyro's 
output axis and the final position of the gun barrel with respect to 
this same reference. 

As with positional error in a position servo, the velocity error 
in a rate servo for any particular output velocity is a measure of the 
gain of the system, and with high gain this error may be kept small, 
however, any tine lag in a rate servo in reacting to a velocity change 
introduces an increased positional error by virtue of the integration 
of the velocity error over this period of transient response. Hence a 
rate servo must have both small time lags and high gain to insure small 
positional and velocity errors. 

It is evident that a rate-controlled servo cannot be used for 
stabilization without some external element since there is no means of 
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detecting and correcting positional error. All fire control uses of 
power drive* include either a manual or automatic tracking device which 
provides this control. A position servo can function alone to provido 
stabilization. This constitute* no drawback to the rate servo in its 
fire control application, however, since the problem of tracking is one 
of staying on target. So long as the effect of ship roll is almost 
entirely removed, tracking errors develop from variation in target motion, 
variation in ship motion in the plane of the earth's surface, and human 
or auto- tracking deficiencies. 

What advantages exist at present for the rate servo ? The answer 
will bo given in two parts; first as applied to the rate servo alone, 
and second, as applied to the rate servo as the power drive in a ship- 
board gun installation locally controlled. 

Prom a mathematical point of view, a rate servo is inherently more 
stable than the position servo from which it is adapted. This may be 
demonstrated by multiplying any position servo's frequency response 
by j m. A comparison of the two plots will show that the rate servo 
has a smaller peak in its frequency response and a higher resonant 
frequency. 

From a practical standpoint, position servos depend for positional 
information primarily on synchros (see Chapter III). All present Navy 
synchros are 60 cycle AC devices. Rate servos are not so restricted. 

The choice of frequency has been boo cycles, and all the attendant 
advantages of this type of power supply are available in the electronic 
sections of the servo loop. 

Considering the rate servo in its application as the power drive 
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of a Jocally controlled gun mount, this system requires fewer and smaller 
components. Stabilization information is provided by two small rate 
gyros in contrast to the heavy stable vertical and attendant control 
elements associated with a position system. If a disturbed line of sight 
computing gunsight* is employed (the present trend) no separate rate 
gyros are needed since those in this sight may serve the dual function 
of computing and providing the stabilizing information, Tracking 
information is provided by a simple potentiometer handlebar arrangement 
in the rate sytete®. The position system requires tvo channels of synchro 
information (low and high speed) for accuracy. Because of the smallness 
of the handlebar and sight arrangement for the rate system, the unit 
may be mounted on the gun. The position system has usually had an ex- 
ternal director for each gun, making the alignment problem more difficult, 
introducing parallax errors, and occupying moro space. 

As disadvantages, it has been pointed out that the rate servo, 
considered in a stabilization loop, requires an external positioning 
means which the position servo has as its basic feature. Also, the rate 
servo has a greater tendency to instability at high frequencies. This 
is borne out by the sane mathematical approach that proved the rate servo 
to be basically more stable. Multiplying a position servo's transfer 
locus by gives a locus exhibiting more stability at all frequencies. 
The corresponding rate servo's transfer function is given poor 
characteristics at high frequencies by the w to M part of the multiplier 
job. This factor becomes larger and larger carrying the locus more 
closely by the -1 JJO point, the basis for stability determination. 
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*A-l Computing Uunsight (Hestricted) , 1546, U. S. Army - Dr. C. S. Draper 



One other factor vhich oust he considered in servo synthesis Is 
torquo demands. The torque loading on a gun mount is not constant. The 
friction load varies with temperature and maintenance conditions. The 
transient load, apart from inertia and elastance considerations, varies 
with conditions such as the unbalance of the gun about its center of 
rotation coup-led with ship movement or the firing of a wing gun in a 
multiple gun mount. 

In a position servo, torque increases will slow tho motor momentarily, 
but the gain will allow proper speed to be restored at the cost of a small 
increase in positional error. The transients involved will have no 
effect on error once steady state is reached under the new loading, since 
in a position servo no permanent positional error can result from 
transient action. 

In a rate servo, torque increases will likewise slow tho motor. 

At high speeds the rate servo will respond quickly to the now load at 
the expense of output velocity, thus Increasing the velocity error 
slightly. The transients Involved will produce a positional error as 
the integral of the Velocity error® during tho transient period. These 
conditions might be acceptable as they stand. However, the action of 
the rate servo at low speeds is tho controlling factor. If the input 
speed is very slow it is not only possible but quite probable that a 
heavy torque load applied at the output will stall the motor. (This 
does not apply to motors having flat or rising torque-speed characteris- 
tics.) This condition can exist, speaking of ampli dynes, whenever the 
increase in velocity error as the result of stopping the output produces 
a control field current less than that needed to excite the breakaway 
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current for the torque load involved. Ho increase in positional error 
will re >ody the situation until tho external tracking element cones into 
play. It is desirable to reduce the reliance on this element to a 
iiniima in the fire control application. Hence tho power motor in a 
mte servo should be typified by a rising torque- speed characteristic. 

’he cmdition “ill hereafter be referred to as torque-compensated. 

Torque compensation introduces one further consideration. Such 
co pounding is achieved by some type of positive feedbacks either 
internal or external. Positive feedback is inherently unstable, There- 
fore. tho method of compensation employed must not lead to resonant 
peaks in the power supply at low frequencies which lie within the normal 
operating range of the servo. 

Having determined the requirements of a rate servo and specified 
how its power drive must perform in the simplest servo loop, it is 
necessary to examine tho feedback elements and corrective networks in 
a typical modern position servo used as a gun drive to investigate 
their applicability to use in a corresponding rate servo. The function 
of these elements and networks in tho position servo will first be 
specified to aid in determination of their probable .effect and usefulness 
in the rate servo. 

The feedback elements in the position servo, other than the 
fundamental output feedback, are derivative devices capable of detecting 
a particular derivative of position, sometimes going as high as the third. 
Their chief purpose is to anticipate changes, that is, to have the gun 
already cting in the proper way to meet the positional change taking 
place by the time tho positional error signal can convey this information 
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directly to the power drive. Uvon if the tine lag in a derivative 
element is as great as that in the positional detecting component, the 
derivative element output augments the positional error signal to cause 
swifter response of the gun to the error change. 

The corrective networks are essentially derivative or integral 
circuits. These circuits are selected empirically or mathematically 
through graphical analysis of uncorrected frequency response data. Their 
function is to improve the stability and performance of the system by 
allowing the loop to enclose a greater gain, by reducing the magnitude 
of the resonant peak, and by shifting this peak to a higher frequency. 

It is possible that the uncorrected response may be unstable in which case 
the primary purpose is to secure stability. A derivative circuit is 
generally termed a lead network since it introduces a positive phase 
shift in the response. An integral circuit may be called a lag network 
since its effect is to cause a negative phase shift in the response. 

It is logical to assume that the rate servo will respond faster 
if the derivative elements are retained, rejecting possibly the element 
detecting velocity since this is the basic quantity in the rate system. 

Unless a ready means of detecting the next derivative after the highest 

/ 

one used in the positional loop is available, it seems best to close 
the rate loop with one less such element. This statement is based on 
considerations of simplicity end ease of conversion, especially avoiding 
the use of extra equipment. 

The corrective networks, except by coincidence, must be different 
for the rate system. The rate system contains other and altered 
components and the basic quantity is velocity rather than position. In 
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fact, these corrective networks constitute the problem in the conversion. 
The experimental work done for this thesis has as its object the 
collection of sufficient data to allow & graphical synthesis of these 

networks , 

To summarize, a rate-controlled servo for fire control use should be 
characterized by fast performance and high gain. There should be little 
phase shift between its input and output over the required frequency 
range. The power supply should be torque-compensated and, considered 
by itself as an open cycle system, must have no resonant peak near the 
operating frequency level. An external tracking device is fundamental 
in the system and serves to eliminate positional errors. This external 
tracking element should, so far as possible, play no integral part in 
the functioning of the rate servo as a stabilizing device, but rather 
should serve as a means of introducing target motion. 

Hence it is evident that to convert a position-controlled servo 
to a rate-controlled servo the power drive is first to be torque- 
compensated; second, the open cycle frequency response of the power 
drive is to be obtained; third, the effect of the feedback elements 
must bo added and the stabilizing networks selected through graphical 
or mathematical manipulation of this response; and finally, the position- 
controlled servo's components and networks are to be compared with those 
in the rate-controlled servo to facilitate change from one to the other. 

The succeeding chanters follow this general program. Experimental 
work necessary to each step is presented in appendices. Results 
obtained from the test amplidyne are presented as typical of this form 
of power drive, and are used as the basis for general conclusions in 
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other chapters. The decibel- log frequency technique is employed to 
synthesize the simplest corrective network® providing both stability 
and performance. The effect of feedback el orients has been omitted 
because of press of time. The final chapter evaluates the conversion 
problem in the light of experimental data and confirms or exol&ins error 
in the basic theory presented. 
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CHAPTjSE III 



TYPE SERVO LOOPS AffD TH JX Jt COMPOffEKTS 
A. The Position Servo System 

Por any typical gun installation, the position servo system in 
simplified form may be represented as follows? 
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Figure 3 -/ 



For purposes of better analysis of components so that a more 
definite tie-in with a rate system may be established, this system 
will be expanded to include a particular type of error-measuring 
mechanism and a particular power drive. These changes lead to the 
following servo loop: 




Figure 3-Z 
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For purposes of stability, various feedback techniques other than 
the basic feedback of output may be roquired. This phase of the 
problem has been discussod generally in Chapter II. 

B. The Kate-Controlled Servo System 

The rate-controlled servo system is identical with the position 
system in its simplest form except that the input is an angular 
velocity («jj) and the output is an angular velocity (w Q ). Hence, it 
is apparent that the error-measuring device must differ from its 
position control counterpart . In addition, since the present technique 
of rate measurement employs devices mounted directly on the guns, the 
gun itself becomes a part of the servo loop. The single degree of 
freedom gyro has distinguished itself as a ready means of rate measure- 
ment. Since the torque output of a rate gyro is a function of input 
angular velocity, a torque pick-off attached to the rate gyro commends 
itself as a source of error voltage. A typical loop embodying these 
components is illustrated: 




F IGURE 3-3 
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0, Components 



1* Synchro Control Transformer 

The synchro control transformer has become such a well- 

known device in fire control systems as to justify no extensive analysis 

of its functions. Basically it is an electro-mechanical differential 

having an electrical field input corresponding to desired gun position 

and a mechanical rotor input corresponding to actual gun position. The 

rotor windings provide an electrical output of error voltage which is 

* 

* 

a linear function of error in degrees over a small working range. The 
sensitivity of such devices using 60 cycle excitation may he approxi- 
mated as T volts per degree of misalignment. The phase shift introduced 
by control transformers is negligible over the frequency spectrum in 
which use of such a device is contemplated. Hence the transfer function 

of a control transformer is = T (v olts ). 

(degree) 



2, Amplifier 

The amplifier used with a voltage input signal to drive an 
asiplidyne is comparatively single. It a*y consist of several stages 
of signal amplification and an output power stage using beam-follower 
tubes such as 6^6*8, or it may conceivably omit the initial amplifica- 
tion if the error permissible in the system is large or amplification 
external to the amplifier is great. The amplifier must also include a 
phase- sensitive detector if the error signal is A.C. The control 
transformer and the torque pick-off require such detectors. In general, 
the amplifier is so fast that its time lags may be neglected. Thus 

its transfer function is K„G„ - P (auneres). 

(volt ) 

3, AnrolidLyne and Power Motor 
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The amplidyne i* essentially a power-driven magnetic 
amplifier supplying power to the output motor hut susceptible to 
control by the input signal from the electronic amplifier preceding 
it. The amplidyne itself involves internal feedback, since it has a 
compounding field in order to improve its torque-speed characteristic. 
The series field which compounds with the externally excited control 
field is energized by the current in the direct axis of the amplidyne, 
which is the current flowing through the power motor. If it were 
possible to vary the number of turns in this compensating (series) 
field, a torque-speed relationship suitable to the particular applica- 
tion could be achieved. Typical curves are shown in Fig. 3-U. 




Figure 3-4 . 
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By adjusting such a variable compensating winding it would be 
possible to cause the speed of the motor to remain constant or increase 
with an increase in load. The desirability of such adjustment is that 
the system will be "hard" or have an "active zero"; that is, it will 
have a restoring force immediately if some extra torque is imposed on 
the mount drive whether stopped or moving. 

It is also necessary to insure that the amplidyne and power motor 
provide necessary torques at the speeds required of the gun. This must 
be checked against the accelerations ejected and tho inertia of the 
gun aa reflected through the gearing to the motor shaft (T s I , 

Such data may be ascertained from mount characteristics and specifica- 
tions to be met by the power drive, if the torque output is not 
satisfactory for this consideration, then the amplidyne set in use is 
too small and a change in the basic elements of the amplidyne ie 
required. 

b'ith the fields properly matched and torque output satisfactory 
over the required speed range, a test of the amplidyne and drive motor 
as a single unit at various frequencies may be made. Such tests for 
amplidynes adjusted as described give transfer functions quite 
similar to those for two energy storage elements in series, thus: 

X^Cf^ = K(rad/sec per ampere) 1 

. 1+2 y T d 2W*T d 8 S3 

This is an empirical egression, since attempts to derive 
transfer functions analytically lead to 5^ and 6th order equations 
involving constants not readily ascertained and requiring approxima- 
tions concerning linearity. This empirical expression also disregards 



3-5 



torque effects. 

4. Rate Gyro 

The rate gyro is a single degree of freedom gyro so 
mounted as to have its input axis parallel to the axis about which 
rates are to be measured. Since the rates with which fire control 
systeme are concerned are those about tho elevation axis (see Fig. 3 - 5 ) 
(line passed through the gun trunnions) and those about the traverse 
axis (line perpendicular to both the elevation axis and the center line 
of the gun bore) , two rate gyros are required. It is to be noted that 
rotation about the gun line (center lino of the gun bore) is disregarded 
since it has no effect on gun trajectory and honce on accuracy, fcith 
the rate gyros spinning at constant velocity (maintained so within ,l£ 
by the use of a frequency- regulated power supply) the angular momentum 
of the gyros along the axis of spin is constant, and will be 

B 

represented as H = I t» where: 

O 

I - moment of inertia of gyro wheel 
£ 

(D = angular velocity of spin 
© 

From gyro theory it may be stated that the instantaneous processional 
torque about the output axis (see Fig. 3"5) I® equal to the product of 
gyro angular momentum and the angular velocity of the gyro about the 
input axis, or T = H»^ . This involves a slight approximation; tut , 
so long as the gyro is constrained to move only slightly from its 
neutral position, this approximation is so nearly correct as to be no 
measurable source of error. The transfer function of the gyro will be 
lumped with that of the torque pick-off, though if one is desired for 
the gyro alone, it nay be represented as: 



- n (in 11?, of torque ) 

(angular velo city in rad / sec ) 




5 * torque Pick-Off 

The torque pick-off is a device which reacts to the in- 
stantaneous torque of the rate gyro and "by mechanical movement 
generates an electrical signal proportional to the torque and indicative 
of the torque's direction of action. If a simple spring were used to 
counteract the torque, then the deflection of the spring in inches or 
degrees would he directly proportional to the torque, with the spring 
constant, X, being the proportionality factor. By virtue of an 
electrical tie-in such as varying the resistance in an electrical path 
or reluctance in a magnetic path, it is possible to produce a voltage 
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output proportional to spring deflection, hence tho voltage out nay be 
made proportional to torque in as expressed by the formula 



s p t 

T - torque output of rate gyro (in lb.) 

K = spring constant (in lb. per degree or inch) 

K a pick-off constant (inches or degrees per volt) 
P 

£ = voltage output of torque pick-off (volts) 

t 



T = K K E where i 



As indicated previously, the rate gyro and torque pick-off 
performance nay best be lumped in one transfer function: 




) 

') 



It is to be noted that tests of a rate gyro-torque nick-off 
combination indicate phase shift to be negligible up to ? cps. * 



requiring various techniques of mechanical equivalence and attempts 
to lump distributed inertias end olastances. 

Before considering the actual mechanics of analyzing the system 
constants in a mount , it is well to consider the gun's function as a 
resonant element in tho loop, The output of the rate loop no longer 
is at the motor drive shaft. The output is found at the gun itself 
where the rate gyro mounted on the gun detects this resultant velocity. 
Primarily the gun represents an inertia end nn elastance. The friction 
present is so slight as to leave the system greatly underdanped. The 
assumption is made that this friction may be neglected in analysis 
with no sizable error. 



* "A Study of An Electro-Magnetic Instrument For Measuring Angular 



6 . The Mount 



The mount represents a considerable problem in analysis 
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Bates in Space" by L. S. Troutman 



On this basis, the transfer function of the mount may be represen- 



ted as: 



KG : 
» is 



K t-J Sn 

r r 



1 +T sS it 

n 



n 



u>. 



= equivalent gun elastance, in lb/ rad 

p 

- equivalent gun inertia, in lb sec 
= undamped natural period sec 

- _L- = undamped natural angular velocity (rad/sec) 
^n 



The inverse La Place transform of this transfer function is a 



sine wave of amplitude » n and period T^. (^C 1 ) 



J = “n sin 



Thus the mount’s action ie to attempt to impress its natural frequency 

on all forcing functions. * The effect of this action becomes 

increasingly and disproportionately noticeable ae the natural frequency 

of the mount is approached. Conversely, if the mount is designed so 

that its rosonant frequency lies well beyond the operating range of the 

servo loop (at least four times the highest loop frequency expected), 

then its effect may be disregarded. For cases where the resonant 

frequency of the mount lies outside the norrsal range of frequencies 

of the servo, but not so far out as to permit disregarding the gun 

altogether, its effect my be approximated by reference to a standard 

series of dimensionless curves of gain ( outpu t) versus frequency ratio 

input 

( forcing frequency ) and phase shift voreus frequency ratio which may 
resonant frequency 

be found in any engineers' handbook or text on vibration.** The curves 

form a family with the damping rat in factual damping ) as the dimension- 

critical damping 
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’Mechanical Vibrations, Second ildit ion, 19^0, McGraw-Hill Book Co., Inc. 
New York - J. P. Ben hartog. Chapter ?, Sections l4 and 15. 

** Mechanical Vibrations, Second Edition, 19*K), McGraw-Hill Book Co., Inc. 
ew York - J, P. Den Hartog, Pg. G^i, Pig. b«?a, 42b. 



less parameter. Limited experience indicates that the curr* for 
damping ratio of .1 is fairly representative of measured results. 

fohen conducting tests on power drives for various types of guns 
in the laboratory, it is desirable that some appropriate substitute 
be used for the mount. This saves space and tine of installation, and 
in most cases, allows preliminary testing of mounts which are themselves 
in the design process. 

The problem is to compute the inertia and elastance of the mount 
with requisite gearing and shafting as viewed from the output of the 
power drive. The total reflected inertia is to be duplicated by a solid 
wheel which is connected to the power motor by means of a shaft, the 
elastance of which is equivalent to the computed elastance of the mount 
gearing and shafting when considered at motor speed. From the 
equivalent inertia and elastance the undamped natural frequency may be 
determined. 

Two methods will be presented for the computation of this equivalent 
inertia and elastance. In the first case, it is assumed that the 
system external to the power motor is, in effect, a torsion pendulum and 
that the connections inside each gear box are torsionaily rigid. The 
inertia of the shafting and the gears is assumed to be negligible. The 
second method includes the power motor rotor as a resonant element in the 
vibrating system. This method is derived from the technique used in 
power engineering to determine resonant frequencies of urime movers, 
shafts, and loads considered as single systems. Inertia of gearing is 
included but rigidity of gears is still assumed. 

Regardless of which method of computation is used, it is essential 
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that a complete study of the shafting he conducted. lach shaft travels 
at a speed dependent upon the gear ratio at its driven end. Also, each 



shaft may have different diameters along its length duo to couplings, 
gear hubs, or other design features. Therefore, it is necessary to 
replace each existing shaft by an equivalent shaft of uniform diameter 
and also to refer all shafts to the satie speed level for determination 
of overall ©Instance. 

The length of an equivalent shaft may he computed hy choosing a 
diameter, converting each section of shaft to this same diameter, and 
adding the equivalent lengths. The individual equivalent lengths are 
computed by the following formula: 




( 3 - 1 ) 



where L and X> are equivalent length and diameter and 1> and D are 
o o 

existing length and diameter. 

A simple illustration follows. 

Assume a shaft has the form indicated in Figure 3-6* 




Figure. 3-6 
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This shaft may he replaced "by an equivalent one of uniform diameter. 



D 



The equivalent lengths of the three sections making up the shaft 
are computed "by formula (3~l). 

D 4 

L = L 0 

01 1 ~nr 






L r L u 0 
02 2 M 



D 4 
2 



L = L D 0 

03 3 7T« 



The length of the equivalent shaft is equal to + 

Therefore the shaft shown in Figure }-6 may ho replaced hy one of uniform 
diameter as indicated in Figure 3*7* 






cf 
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The elastance, designated hy K, i.e., the torque in inch pounds 
necessary to produce an angle of twist equal to one radian, may he 
computed for each shaft: 



K 1 = 



01 



(3-2) 
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where 



6 2 

0 = modulus of elasticity in shear in lbs/in. 2 (12 x 10 lb/ in ) 

for steel 

1 = Dolar moment of inertia of the circular cross-section 

P 

of the shaft in (inch)** 

L - length in inches 
For a circular shaft 



I = area x ra 
P 2 




Substituting this ralue for I in formula (3-2) s 

P 



K 1 = , ? d 4 0 

32L 

k = ^-l 1 (3-3) 

ISO 

K expresses the angle of twist in degrees as compared to which 

expresses it in radians. 

Therefore K - ^a d 4 ft (t_4) 

lb 0 x 32 L 



Substituting the value for 0 in (3-4) and simplifying gives: 

K = g. 06 xl 0 4 d 4 in lb 

L deg (3-5) 

To combine shaft elastances at various speed levels, it is necessary 
to select a common speed to which all shafts may be referred. This is 
motor speed if the laboratory substitute is to be direct drive. Shaft 
elastances are then combined by the formula: 



1 s 1 1 ^ v • . . • 

*1 R 3( ^) 8 

where is the equivalent elastsf&w *of the system; 

represent the elastance of individual shafts; and 

represent the speeds of shafts 1, 2, 3 



(3-6) 

, V * 3 



etc. 

etc. 
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li&ving computed a shaft having an equivalent elast'nce can be 

designed using formula (3-5) and selecting a diameter such that the 

length as computed will be within practical limits for the laboratory 

installation of this simulated gun. 

The inertia, «J^, of the gun or mount is usually specified hy the 

Bureau of Ordnance. The inertia reflected to the drive motor end is 

equal to the inertia of the gun divided by the square of the gear ratio. 

As J - i Mr for e solid cylinder, the mass of an equivalent wheel 
2 

may he computed hy assuming an appropriate value for r, the radius. 

Having determined K, the elastance, and J, the inertia, for the 
system, ® n , the undamped natural angular velocity may be computed as 



U) 

n 




( 3 - 7 ) 



The above analysis has permitted the replacement of a complicated 
system of masses, gearing, and shafting hy a single one consisting of one 
shaft upon which is mounted one mass, as shown in Fig. J-8 t the gun 
simulator. 




F IGURE 3 - 8 

For the second method, the inertia of each gear is to he considered. 
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•lere Bgf>in, in order to facilitate calculations, n complex «* *yste» of 
'oaring and shafting is replaced by a slimier system consisting of a 
series of concentrated masses connected by sections of weightless 
shafting which retain as closely as possible the elastic character! sties 
of tbo original arrangement. 

The mass of shafts in the gear system is usually negligible and as a 
general rule may be neglected If the product of the length of the shaft 
in feet multiplied by the frequency in vibrations tier sec. does not exceed 
1 , 000 . * 

As in method 1, each shaft met be reduced to a common diameter 
throughout its length, as indicated by formula (3-1) * 

The torsional vibration character! e tics of the given system are then 
rsulAced by a dynamically equivalent system in which all shafts and 
masses rotate with the same angular velocity. To illustrate, assume gears 
as indicated in Figure (3~9) * 



Geaa B 



Gear D 

To C 



Tb 



Shaft z 






GEAR C 

Tc 



5waft / 



Jo 



Figure 3-9 



This system may be replaced by the one shown in Figure 3** 10 which 
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’Reference: 



■•Practical Solution of Torsional Vibration Problems, * 

• Ker Wilson, London, Chapman A Hall Ltd. 1935* 





is essentially a single shaft vith three fixed masses, 



where J. = J 
1 a 



a 



J - = J J, <£?) 

(Mi) 

J = Ug)* 

(N x ) 

J in each case represents the polar moment of inertia of a mass, 
such as the rotor of the drive motor, or a gear; and and represent 
the speeds of shafts 1 and 2. 

IC^and are the equivalent elastances of shafts one and two which 
are computed by formula 0-5) and have been converted to the 9ame speed 
by means of formula (3-6) . 

For a system of this type the following frequency equation exists: 



( 



K, 



3 4 

w n + w - 0. (3-8) • 

) K,K. 



n 



1 "2 ' “ 1"2 
Vhls equation allows calculation of the two frequencies of natural 
vibration. In the case of a shaft with many rotating masses approximate 
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* ^Practical Solution of Torsional Vibration Problems,” 
London, Chapman & Hall Ltd. 1935 



. Ker Wilson 




nuaericrl and graphies-1 Methods are usually applied in calculating 
frequencies of natural vibration.*'* 

The theory presented above relative to computing equivalent 
olastnnees and inertias is nxe'jjplified in Appendix A by presenting & 
cosnplete calculation of the natural frequencies of vibration of a typical 
vivy gun using both methods. 
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•* Vol. 35, 1925, ?. 109, Trans. Soc. of Naval Architects & Marine 
Engineers - f. M. Lewis. 
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AKPLIDYHE CHABACT UlSTICS 

To synthesize a servo loop, the characteristics of the power drive 
must be known. Primarily these characteristics are the torque-speed 
relationship and the frequency response. The torque-speed curves are 
taken at various control levels. The frequency response is the magnitude 
and phase relationship of output to input, vhon the input is varied 
sinusoidally over a selected frequency range. 

In Chapter III it was pointed out that the drive selected mist be 
powerful enough for the task in hand and should be torque-compensated. 

These two criteria mist be met, and the torque-speed curves and frequency 
response obtained, before the synthesis of the complete loop may be 
initiated. As stated in Chapter 111, although the frequency response of 
an amplidyno nay be estimated mathematically, it is better to obtain a 
response experimentally and use this graphically in all calculations. 

Appendix B contains a description of equipment and method used to 
get the torqus-speed curves and such other characteristic clots as were 
deemed valuable to analysis. The principal curves are presented in this 
Chapter (Jig. 4-1, 4-2) as typical of anplidyne performance. Supplementary 
curves are included in the appendix should future use of this particular 
amplidyne make additional data worthwhile. (Fig. B-4 through B-10 less 
B-7). 

Bo calculations are shown typical of the determination that the 
amplidyne is powerful or fast enough for the task assigned. The problem 
of torque-compensation is a more interesting one. Ideally, the torque- 
speed curves should be horizontal straight linos, that is, speed should 
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■be determined by the control field setting and maintained regardless of 
torque demand. After the work outlined in Appendix 33 is conducted, curves 
as shown in Tig. 4-1 are obtained, and the presence or lack of torque- 
compensation is apparent from the slojne of the curves. 

Two methods are available to correct this slope to nearly zero. The 
first, which has been mentioned in Chapter III, Is to vary the compensating 
field effect either by physically changing the number of turns in its coil 
or by varying a shunting resistance across tho coil and so varying the 
current through this winding. In the particular aaplidyne selected for 
experimentation no such change could be made without laborious machine 
work, lienee the second method of torque-compensation, positive feedback 
to the control field, was employed. Positive feedback makes use of the 
torque effects on the power drive to initiate corrective action in tho 
control circuit which action neutralizes the torque effect on speed. As 
an example, a brief summary of the method described in detail in Appendix 
C is presented. 

An increase in torque always produces an increase in motor current 
(Fig. B-8). If a resistance is placed in series with the motor armature, 
then the voltage drop across this resistance is proportional to the motor 
current and thus to the load torque. If this voltage, through & suitable 
circuit, is applied to the control grids of the control amplifier output 
stage, then the increase in voltage will cause an increase in current 
output. This current output controls the amplidyne and power motor output 
since it is the excitation of the control field. Therefore a torque in- 
crease increases the control field and so provides more power out, 
allowing the speed to remain constant. By suitable adjustment of the 
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parameters almost complete compensation aay bo obtained, as indicated 
in Figure 4-3. 

As stated in Chapter II, positive feedback is inherently unstable. 
Therefore, the amplification of direct axis current changes induced by 
varying torque* must not be too great or an oscillatory system will 
result. This is in line with the stipulation that the torque-compensated 
motor must not have a resonant peak in its frequency response at low 
frequencies. 

Thus a compromise in design is forced. Referring to Chapter II, 
the statement was made that torque-compensation must bo complete to avoid 
stalling at very low input speeds when the torque is suddenly increased. 
Experimentation and mathematical considerations dictate that the amplifica- 
tion in the torque-compensating feedback loop must be limited to avoid 
instability. Th© final compensating system must satisfy both demands as 
closely as possible. Since the overall servo loop functions to keep 
speed at the desired level, it is better to incline toward poorer speed 
regulation in exchange for better frequency response. 

An advantage of torque-compensation is that it insures that a 
frequency response obtained at no load will be representative of the 
frequency response at any other steady or variable load. So long as the 
torque- compensation is adequate, the requisite condition exists and the 
frequency response may be taken and used for further synthesis. 

The frequency response of the power drive is obtained by recording 
simultaneously the sinusoidal control input and speed output as the 
frequency is varied from zero to the previously determined maximum. The 
maximum is determined by servo application. Tor gun drives it may be 
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accepted at; 5 c.p.s. The recording of input and output may be made 
permanently by Brush oscillograph or temporarily by cathode ray oscil- 
loscope allowing tine to record magnitudes and phase difference. Appendix 
j includes a description of the equipment used in the experimental work. 
Figure 4-4 is f> representative frequency response curve for an amplidyne 
and power motor, and is the curve obtained exp crimen tally from the tost 
amolidyne. 
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CHAPTJ5B £ 

SYUTfilMS 01 OOPJtiiCTIVi; JftTWOlJCS 



Considering the rate serro loop as presented in Chapter 3, and 
taking the final frequency response for the experimental aaplidyne 
in order to make the task specific, it is desired to introduce the 
minimum in extra elements or networks to produce a satisfactory rate- 
controlled power drive for use in gun stabilization. 

The position-controlled power drive in which the test amplidyne- 
notor was the prime mover involved considerable feedback channels in 
its servo loop. Since two feedback channels have already been used in 
securing satisfactory motor performance for use in the rate servo 
(See Appendices C and D) it is considered best from the standpoint of 
simplicity and good design technique that no feedback be used in the 
rate servo loop except that of the fundamental supply of output to the 
error-measuring device. 

Since the output feedback channel is mechanical (rate gyros mounted 
directly on the gun) it is difficult to imagine introducing any 
satisfactory mechanical network in this portion of the loop. Hence 
investigation will be confined to the synthesis of suitable network or 
networks involving no electronics which may be placed in series vith 
the error signal channel and will provide a high gain high accuracy 
loop over a vide band of frequencies. In Figure 5-1 the problem is 
shown as the synthesis of the transfer function of the box labeled 
K C G C ( corrective network). 
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F/gure 5-f 



The transfer functions of all other elements in the loop must he - 
considered at this point. A* detailed in Chapter 3» as long as concern 
is with frequencies of five cycles per second or below, the transient 
characteristics of all other elements may be neglected. This statement 
is based on practical considerations. The rate gyro and torque- 
pickoff examined exhibited no appreciable phase shift within this 
frequency band. Amplifiers have time lags but this time lag may be 
and has been reduced to the level of thousandths of a second. The test 
mount as analysed in Appendix A exhibited at the worst a resonant 
frequency of 4l cps which corresponds to a time lag of about .004 sec. 
It is realized that this last is a fortunate selection since all Navy 
guns are not so stiff. Nonetheless, all these transfer functions have 
been considered to be unity. It is a simple matter to introduce a 
different value should a specific application demand it. Ho attempt 
will be made to evaluate the K's individually (K is the symbol for 
static or steady state gain) for each element. Instead the maximum 
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gain which can he enclosed, in the loop for desired performance will be 
determined. This total value may then be apportioned ne is beet 
• throughout the system. Gain is most cheaply bought in the amplifier. 

Before actual synthesis is begun some specifications must be 
formulated. Assume the worst condition of ship roll to be met is a sine 
wave of 20° amplitude, 9 second period. Further assume that a velocity 
error of 2 rails per second is tolerable, (l mil equals one thousandth 
of a radian). Then tho ratio of output to input is 'll or about .95. 

39 

This demands a static gain of at least 20. Since tracking Inputs may 
reach a frequency of 3 or ^ cps, it is desired that no resonant peaks 
occur within or near thi6 range. Hence the ratio of output to input 
should be nearly unity from 0 to about 5 cpe. and phase shift negligible 
(less than 10°). A peak of 1.1 (about 4l db) in this ratio will be 
tolerable. The greatest gain possible will be enclosed while meeting 
the other conditions with 20 serving as a lower limit. 

The method of synthesis used is tho decibel-log frequency technique. 
Initial investigation disclosed that no ordinary combination of lead or 
lag networks would serve to meet the specifications. A special network 
suggested by Mr. William M. Pease based on the approximate quadratic 
response of the power drive was utilized with good results. The network 
devised provided a quadratic response in the numerator of its transfer 
function which cancelled the quadratic of the amplidyne. The denomina- 
tor of this network’s transfer function was also a quadratic which 
provided a similar frequency response with 90 ° phase shift occurring at 
a higher frequency. Hence, in effect, this network permitted moving ths 
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resonant peak and. cutoff of the ampli dyne-mo tor to any desired point 
heyond that at which it naturally occurred. In conjunction with this 
two lag networks providing rapid attenuation of the combined frequency 
response heyond .1 cps and a lead network to improve phase shift in the 
vicinity of 3 to 6 cps. were used. Figure 5-2 shows the log-decibel plot 
of initial amplidyne-raotor frequency responseC A! is magnitude and[ A is 
phase, the resultant frequency response ( E and i H) with the correc- 
tive network effects included, and the ratio of output to input in the 
, | * 

1 - i >or ^ _o. i- nd o ). I igure 5“ 3 presents the separate frequency 

; «i ; i 

response of each of the networks, "B" symbolizing one integral network, 

”0" the other, H Q, W indicating the network whose transfer function has 
quadratics in both numerator and denominator, a fora of lead network, 
and "L H representing the single lead network. 

?hese networks will be described in detail so that their experimental 
installation may be readily achieved. Both networks B and C are of the 
form shown in Figure 




Figure -5-4 



The transfer function of this network is: 

y a s B a Us*l 

h (Bl+R a )Us+l 

or •» 1 where Ti *= (^+11^)0 
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In network B, Ti vat eelectod as 1.552 seconds and J\ as .5. In net- 
work C, ?1 was selected as *3975 seconds and / *• . 30 *>- * £°od feature 

of these networks Is that they hare a static gain factor of unity. 

Network U comprising the two quadratic factors Is shown in Figure 
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The transfer function is: 

Va r K a LCg a *♦* I^KjCs * H a 

v i , R a OL« a + (fiai^Ct-L) e+R^a 

or *» (lifi ) LCsa^iCff^l 

) H g ~ G L« a t a + 1 

S^+Ita 

Since it ia the Intention to hare the numerator in effect cancel 
the transfer function of the nmplidyne, the parameters of this quadratic 
are fixed. In order to relate the numerator and denominator, a 
mathematical transformation will be made. 

Let the numerator be represented by: 42 i^ 1 

where: T = yJTXT’ , 2 I? * SC 
n v * /n n 1 

2 2 / 

Let the denominator be represented by: T s ■{ 2 7 y 4 1 
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where ; 




Hj, C h 

N j 



2 ~f "£ a *a ^(F a Oi*L ) 

7 a d Hi+Kgl Hg ) 



H. 

Further, let: = a . It is the Intention to express the time 

* r iig 

constant and damping ratio of the denominator in terms of the numerator' 
parameters and the static gain factor of the network (pQ. This will 
permit complete identification of all circuit elements from knowledge of 
the ampli&yne-raotor frequency response, the selected value of the new 
frequency response, and a variable parameter (c<) which will he adjusted 
to secure necessary relationships. By suitable algebra it may be shown 



that: 

c< « ^ T = TIT" 

H 1+ H a n 

T d * v t~£ n = 



— H X J G 

T n T~Z 



(‘■'t* 'U- m 



The transfer function cay be written as: 



= cC 



* * i ,V * 1 



°< t n V * a< T n (f )«n 



4 o< 



f» 



cor this particular application, T = .1327, s .45, T = .053, 

1 h n d 

- 1. To secure these constants it is necessary to cascade two such 
networks as pictured in Figure 5-5 with the intermediate quadratic 
(denominator of one transfer function, numerator of the other), having 
the constants of T = .1129, ^ ^ - .563. The static gain for the 

first network is .724 and for the second (o( ) is .221. Hence 

the not gain for these two cascaded networks is .16. This imposes a 
greater gain requirement on other elements of the loop but should be no 
serious problem. 
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Network M L H ia of the fora sketched in Figure 5~f>. Its Bole 

purpose was to gain improved phase shift in the region from 1.5 to 6 

cps. The effect on amplitude was not excessive in view of the great 

attenuation Introduced by the amplidyne power drive "beyond h cps. 

C 



AVWWv 

R, 




Figure 5-6 



The transfer function is: 

v ai = B a % c 8 + n a 

L a It x Cs + ii a + R« 

x 1 + H x Cb 

Hj+Ej 1 . H li;s 

*»♦»« 

and T, * B X C 

Then; V a , j 1 + l* d « 

t;> 4 . 

For this particular application <K was selected as . 5 , T^ as .053 
seconds. 

cu 

Upon completion of the resultant plot of o it is transferred 

€ 

Ui 

to the phase margin chart front which the o performance may be 

U 8 

i 

determined. This response as selected indicr.tes that there will be no 
variation from unity as great as -Idb out to 5 cycles and that in the 
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steady state the ratio is about -.29 db corresponding to approximately 
97 p* *hus with the maximum roll specified (20° amplitude, 9 sec. period) 
all the roll will be removed except about 1.2 mils/ sec. which is better 
than the specified satisfactory condition. It is believe this is below 
the threshold of detection of a device such as the rate gyro- torque 
pichoff velocity error-measuring means. To secure this overall performance 
a gain of ^6 db (about 200) is enclosed in the loop. Phase shift exceeds 
the desired limit becoming 10° at 1.6 cps and 3^° ^ cps. 

This completes the investigation of rate-controlled and position- 
controlled amplidyne power drives with a view to converting from position 
to rate control. The succeeding chapter will review the problem and 
present any facts not heretofore discussed, together with such recommenda- 
tions and conclusions as the authors feel are justified from this 
investigation. 
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CONCLUSIONS 

The purpose of this thesis, in general, was an investigation of 
position-controlled and rate- control led ampliayne power drives. 
Specifically, the aim was to evaluate the two methods of control with 
an eye to ascertaining the difficulty of converting from one to the 
other. In addition, it was desired to note advantages and disadvantages 
so that the better control method might he selected. Wherever application 
of the power drive was an important factor in making decisions, the servo 
loop was evaluated in the light of its efficacy as power supply for a 
ship-borne locally stabilized gun mount. 

It is regrettable that time did not permit experimental work in 
testing the loop whose final synthesis is presented in Chapter 5* Reliance 
for its practical success will be placed on the previous good results 
obtained when the log-db technique was used to estimate corrective 
networks. 

Briefly, it is observed that, for a given degree of complexity, a 
rate servo loop will give better performance. This statement is based on 
the inherently greater stability of the transfer locus of the rate servo 
as obtained from the corresponding position servo's transfer locus. The 
statement ie substantiated in this particular case since the theoretical 
performance of the rate loop synthesized is better than that of the 
corresponding position loop from which it is adapted. 

It is also noted that, if a speed motor is used as the power drive 
(speed motor implies a torque-compensated prime mover ^ the problem of 



6 - l 



As a special difficulty under this same general heading, it is 
felt that the question of the effect of couplings deserves consideration. 
In the example presented in Appendix A no mention was made of a special 
alignment coupling used to connect the drive motor to the 600 speed shaft. 
The stiffness of this coupling along the drive axis is fairly high (not 
measured) hut across the axis its stiffness is negligible. Since 
vibration in a complex system of gearing and shafting can be troublesome 
whether it occurs from a torsion pendulum effect (along the drive axis) 
or from vibration in any other direction (across the axis), these 
couplings require separate investigation. 

The authors’ first experience in the use of the decibel-log frequency 
method was gained during this thesis period. It is their wish to endorse 
this technique as an excellent tool, especially in connection with the 
synthesis of servo loops. 

On the problem of conversion from position to rate control where 
amplidynes furnish the motive power, the work done in connection with 
this thesis substantiates the view that it is not a simple matter, but 
it is vastly easier than designing all new equipment. The major feature 
of such conversion from the mechanical point of view is the replacement 
of the position servo error-measuring means with its rate servo counter- 

t 

part, including perhaps a change in exciting current from 60 to UOO cps, 
and the installation of the sight on the mount. From an electrical point 
of view, considerable change in the corrective networks and the feedback 
paths is involved. To take advantage of the increased gain possible in 
the rate loop, additional stages of amplification may be required. 
Considering the complexity of most position servo circuits with their 
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obtaining a good rate servo loop it quite simple. In tho example 
presented in Chapter 5» it was necessary only to introduce corrective 
networks. 

The use of feedbacks around the motor gave a twofold improvement. 

The first was the torque compensation. The second was a better frequency 
response which must be interpreted both in the light of the improved 
gain and phase shift, and in the light of transient response. 

Other values for the parameters of the corrective networks in the 
feedbacks paths might have given equally satisfactory frequency response, 
but the best transient response had to be obtained as well. This, of 
course, only determined the amount of damping in the loop around the 
motor, but it is very important from the standpoint of quickly reducing 
errors to a small tolerable value, and holding them there. 

It was intended that additional attention be paid to the problem 
of the resonant element (the mount) in the primary feedback path of the 
rate servo loop. Although two methods of analyzing this element were 
presented, no great faith in the efficacy of either method is felt. It 
is recommended that, whenever possible, this problem receive special 
attention. It may be pointed out that the methods of analysis available 
in the Servomechanisms Laboratory should prove excellent for getting at 
tho core of the matter. If the frequency response curves obtained by 
experimental work for the same rate servo with and without a resonant 
element in the loop are compared, the transfer function of the resonant 
element in question my be obtained. A satisfactory agreement between 
this Axperimental transfer locus and one obtained by mathematical 
analysis would eliminate large doubts now raised by this problem. 



6-2 



two levels of signal control, it is reasonably safe to estimate that 
the resulting rate servo amplifier would he no larger even with this 
added gain. From an operational point of view, the sight operator 
should he able to adjust quickly and should he favorably stimulated 
since riding with the mount eliminates hia greatest difficulty, namely, 
attempting to step smoothly and evenly around the director stand. V/hen 
it is considered that by such minor steps the mount is made capable of 
complete local operation and stabilization, the program involving these 
steps must be endorsed. 
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APPENDIX A 



COMPUTATION OF EQUIVALENT INERTIA A.'J ’CLAST*- ' CS 
FOR A TYPICAL NAVY GUN MoUNT 



In this appendix a typical Navy gun mount will be used to illustrate 
the computation necessary to replace the complex elastance and inertia 
of the mount by a simple shaft and cylindrical mass. The tvo methods 
developed in Chapter III will be used. 

The gear system of the mount chosen is as shown in Figure A-i: 
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Each shaft must be investigated to determine its diameter and 
length. In most cases the diameter of the individual shaft is variable 
so that it is first necessary to compute the length of an equivalent 
shaft of uniform diameter. This is done by formula 3“1» i» e * 
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bhafts making up the gear systei indicated in Figure A-l have the 



forme indicated beiov: 
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The el&stance for each shaft nay be conputed by formula 3”5» i.e. 

X = 2.06 x 10 4 d 4 

L 

K = elastance in inch, lb, /degree 
d - diameter of shaft in inches 
L = length of shaft in inches 

1. Shaft 1 

?L = 2.06 x 10 (l. 97 ) = 2.34 x 10 * in lb/degree 

13.26 ~ 

-4 

l_ = .4 28 x 10 

K i 

Speed of shaft = 600 

2. Shaft 2 

4 4 4 

K„ = 2.06 x 10 ( 2 . 75 ) = 35 * 7 ^ * 10 in lb/ degree 

2 3.296 

-4 

l/r = .028 x 10 

Speed of shaft = 180 
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J. £ kaft 3 

X = 2.0S x 10 4 x ( 3.6r ) 4 = 100 X 10 4 in lb/degree 

3 3.53 

l/K^ = ..01 x 10 

Speed of shaft -48 



4. Shaft 4 

K. = 2.06 x 10 <X (4.13'j) = 

4 rlr 

-4 

l/K^ = .014 x 10 



95.7 x 10*' 



Speed of shaft = 12 

The equivalent elastance of the gun mount is computed by 
means of formula ( 3 - 6 ) . 

_1 » 1 _ ♦ l + 1 + 

K t Kj S(iFF 3(i 7J J 

Na 

Substituting the computed values of K„, and and the 
speed of each shaft as indicated: 



-4 ^(iKO^ 53 ~^(ka \ z —4 a 

,l?8lL . ’ ? x 10 . 1 x 1 ((£q )2 '• 1 xl ° Ighjt* 

t 

-4 -4 -4 

1 = .428 x 10 + .00252 x 10 ■ , ’.000064 x 10 + .OOOOO 56 x 10 

*t 



r .4306 x 10 



-4 



4 



h = 2.32 x 10 in. lb/degree 

t 

K 1 = 0.1328 x 10 7 in lb/ rad. 
t 

Having computed K^, a shaft having an equivalent elastance can be 
designed using formula ( 3 - 5 ). Assume the desired diameter for such a 
shaft to be 2 . H 125 . 

4 4 

K = 2.06 x 10 d 



L 
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where X = K = 2.32 x 10 4 in ib/degrce 

2.}2 x 10 4 = 2.0 6 x IQ 4 (2.125) 4 

L 



L s 18?00 -length of designed, shaft 

The inertia, J, specified for the gun mount under 

investigation is 350.000 lbs. ft a . This inertia must be referred to 

the same speed level as the power motor. The inertia of the gun as 

viewed at the motor is 350.000 or lb. ft. a .’ 

( bOO ) a 3& 



It is possible to replace tho inertia of the gun mount by 
an equivalent cylinder of appropriate mass and radius. For a cylinder! 

J a 1 Hr* 

2 

J s moment of inertia in lbs. ft .2 
M « mass in lbs. 
r = radius in feet 

If r, the radius of such a wheel, is assumed equal to 
one-half foot then: 



M = 



21 

r 3 




70 lbs. 

9 



M = 7.78 lbs. 

Density of steel is 0.2355 lbs/in 0 so that 7 .JS lbs. is 

3 

equivalent to 27*3 iu . 

As the volume of a cylinder is rii" h, and r is assumed to 
be one-half foot, the height, h, of the cylinder may he computed 
h= 2^' 

w 



- 0?2Ul 
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The undamped natural angular Telocity, u» , my now he computed by 
formula (B-7), i.e. 




= 7o .l3gg x 10 7 x 386 
1*K> 



°> = 1910 rad/ sec 

n 

f = 1910 * c.p.s. 

n 2 ft 

As a result of the above calculation, the original complicated 
system of masses, gearing, and shafting composing the gun mount may be 
replaced by the single system indicated in Figure A-6. 




Figure A- 6 

Method 2 

Figure A — 7 shows the gear system of the gun mount under investiga- 
tion which is identical with that depicted in Figure A-l except that 
the inertia of the power motor and the gearing itself is not neglected. 
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Figure A- 7 



Equivalent lengths and diameters for each shaft are computed as 
indicated in the first part of this appendix. 

The inertia of each gear is computed from the appropriate gear 
diagram, using the formula: 

J - nr da 

2 3 

where d = density in lbs/in. 

a = cylinder height in inches. 
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J = ( 2 . 37 ) x .2S55 x 1.5 = 1 . 3?2 
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J 3 ~ T1 (3.2) x .2855 x 2 = 5.89 lb. in 
32 
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J = _L ( 1 |. 35 > 4 * .2885 X 2.5 - 25.2 lbs. in s 
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J 6a = 2 lJ 3 ) x .2855 x 3.5 = 127.1 



J 6b = .1 <7.5> 4 -(3) 4 x .2855 x 1 = 



1380 
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( 8 . 312 ) -( 7 . 5 ) x .2855 x 2.5 = 1813 
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34 7.9 




J 6a* J 6b + j 6c ~ J 6d 
127.lv 1 } 80 + 1S13 -347.9 

3320.1 - 347.9 = 2972 .? lb. in 
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4 

J 7 z 1S& X *2855 * 3 

' 32 

= 109 lb. in 2 

Pun Mount 

J = Inertia of gun mount 
8 

= 350.000 ib. ft. 2 

Drive Motor Kotor 

J m = 3.75 id. ft. 51 

= 5>tO lb. in. a 

Data furnished by 3ureau of Ordnance. 

Deferring the inertia of each gear and of the gun mount to the 
600 speed (motor) level: 
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J 



1 . 322 Id*, in* 



★ 242.6 



(Bui' 

(K x ) 



U 






J3 



242.6 ( 160 )* * 21.9 11). in* 

( 600 ) a 

5.d9(Ha) a = 5.89 ( l80) g * .531 16. in* 

(li x ) a ' (600)* 



J4 * 719.6(1*3)® * 719.6(48)® * 4.60 16s. ln s 



U«x) 



(600) 



a 



J R = 25.2(N3) a = 25.3(48)“ * .1611 16. in s 



OhV 



(600)' 



J„ * 



7 * 



'8 



2972.2x(h4)* = 2972‘2(12_)“ = 1*19 16. in 
(li x ) a (600)* 

109(M.) S = 109(12 )* * .0436 16. in 2 

(Kj* (600)* 

S&Qjm * 144 * 140 16. in* 

360.000 



Tie resultant inertia for Meshing gears is equal to the sum of 

the inertia of the gears in the nech: 

J, 0 0 ♦ **a * 1.322 ♦ 21.9 * 23.222 16. in* 

12 

J = J3 + J4 = .531 + 4.60 = 5.131 16. in* 

34 

J * ♦ tJ t - = .1611 + 1.19 = 1.3511 16. in* 



56 



J = J„ ♦ «J 0 = .0436 * 140 * 140.0430 16. in* 

7o 7 o 

J = 3.75 x 144 = 5*0 16. in* 
nt 

Tie e Instance, K, for each shaft as previously calculated Must be 

referred to the 600 speed shaft: 

h x = 2.06x10* ( 1.97 )* = ,66xl0 4 in 16/degree 

47.1 

K a = 36. 78x10* x(lfiQ)* = 3.2202xl0 4 

(600)* 

as * IOOtIO x(48) a = .64x10 

(600)* 4 

h4 = 96.2 x10 4 x( 12) 3 _ = .03848x10 
T6W)* 
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Using the values for the inertia and elastance computed above for 
the 600 speed level, the gun mount system of Figure A- 7 may he replaced 
by the simpler form as indicated in Figure A-15. 
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and are email enough to be assumed negligible so that the 
five mass system shown in Figure A-15 reduces to the three-mass system 
of Figure A-l6. 




Figure A-/6 



K ^ is the equivalent elastance of shafts ?., 3 «^d 4 : 



x ?34 



K. 



K. 



Ki 



-4 



= 10 i .31+1. 56*26 



(1-3) 



-4 

= 10 (27.87) 



k 234 = «°35S5 x 10 4 in lb. /degree 



The undamped natural angular velocity, » , is computed by means 



of formula (3"8)» i.e. 
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Jubctituting confuted values cl* inertias end. e^astr nces: 

a — 

>W 



540+23 • 222+ 140 . 044- n 



__ 640. J 23 . 22+ 140 . 044 ) + 14 0 . 044 1 g3 . 2j +540 ) 

180x380 .66x10* .03585x10 



4 a 

u> tt 

n 



540x23 .22x14 0.044 • K q 



( 180x300 ) s .OOx. 03585x10 



TT 



J 



2 



703.3 - n 



180x386 

0 



4 S 

ju rl 



& 4 0 j ^. £ x j , i Q . 



+ ^. Q 44 x 5 (, 3._22 + g - 

.66x1*) . 03585x10 1 .60x. 03585x10 



-8 4 c 

• 152x10 u>„ -. 01055 vo + 703.3 - 0 

tt 



n 



4 6 a xa 

ai —6.94x10 m + .4025x10 = 0 

n n 

8 6 6 

e? n = .0673x10 rad/ sec, 0.8727x10 rr.d/ 3ec 



uj^ * 260 rad/ sec , 2620 rad/ sec 



- ***** " 41.4 cps, 418 cps 

2rr 
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AMPmnr< ceatagt^ctiss 

Experimental work for this thesis was conducted using equipment 
furnished "by the Bureau of Ordnance, U. S. Kavy. The amplidyne, power 
motor, and associated components were manufactured by the General 
Electric Company and constitute a position-controlled gun power drive 
in current use by the Kavy. Figure B-l indicates such of this equipment 
as was used, together with the interconnections. A brief description 
of components follows: 

1. Drive Ho tor and Amolidyne 

The drive motor and amplidyne comprise a single unit. The motor 
itself is an induction type operated from a 440 volt, 3 phase supply. 

The amplidyne is of general design, containing a fixed compensating 
field providing partial torque compensation. 

2. Synchro Assembly 

The synchro assembly contains two synchro control transformers 
and a tachometer generator. It is mounted directly on the output motor 
frame. The tachometer is driven by a 2 to 1 step-down from the output 
motor. By means of this tachometer a voltage is obtained which is 
directly proportional to power motor speed (See Figure B-6) . 

3. Bower do tor 

The power motor is a direct current motor of conventional 
design. It receives armature current directly from the amplidyne. Its 
field winding is energised by a constant direct current from the field 
supoly unit in the amplifier. The direction of rotation of the motor 
as well as the speed is dependent on the output of the amplidyne. 
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Terminals are provided for picking off the voltage across a highly 
inductive resistor in the armature circuit 
k. Amplifier Unit 

The amplifier unit in general consists of two control 
amplifiers, thyrite resistor unit, field supply unit, and a heat 
exchanger and blower motor. 

The thyrite resistor unit is connected across the control field 
of the amplidyne. Its function is to prevent excessive voltages fro* 
appearing across the field a» a result of fast changes of current through 
the field inductance. 

The field supply unit, as previously stated, furnishes a direct 
current to the field of the power motor, which current is maintained 
constant despite variations in field winding resistance because of 
temperature changes. A simplified sketch of the field supply unit is 
shown in Figure B-2. 
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Field Supply 
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ijrrid bias for kkyr&trone and consists of & positive voltage 
from a constant direct current supply r-nd a negative voltage from the 
voltage drop across resistor K 6. The net bias ie poeitive. The re- 
sistance value of R 6 is practically constant over all operating 
temperatures so that the voltage drop across R 6 is used to control the 
field current. 

For example, assume the field resistance decreases. This would 
tend to increase the field current which would cause a greater drop 
across R 6, thereby decreasing the grid bias on tubes and V As a 
result the output from these tvo tubes would decrease and the field 
current would return to its correct value. 

The field suj>ply unit also contains a thermal time relay, Kl, which 
insures that the filaments of tho thyratrons are heated to their operating 
temperature before the plate supply voltage is applied. In addition it 
also actuates contactor K 7 in the control unit. 

The heat exchanger and blower motor furnish outside air and a 
circulating system for cooling the electronic elements in the amplifier 
unit . 

5. Reactor Assembly 

The reactor assembly consists of three step-down transformers 
used to limit the current drawn from the 440 volt, 3 phase supply when 
the raotor-amplidyne is started. 

6. Control Unit 

The control unit contains a series of magnetic controllers 
serving as safety devices for the motor-aerplidyne and power motor. 

In general, the UUo volt, 3 phase supply voltage goes directly 
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to a circuit breaker in the control unit. Contactor K1 connects the 
amplidyne's motor too the 440 volt supply through the starting reactor. 
Contactor Kj? connects this Motor directly across the M40 volt supply as 
Boon as the timing relay has functioned. The timing relay, designated 
by TH on figure B-l, is set for a five second operating period at the 
end of which time it picks up contactor K8. 

Relay is operated by the time delay relay in the field supply 
unit Kl. This interconnection prevents operation of the awplidyne 
without power motor field excitation. 

Overload relay, 0L1, located in two phases of the 44o volt supply, 
is of the thermal-induction type and provides overload protection for 
the drive motor. This overload relay is reset hy means of the electrical 
reset, RH 1 . 

Overload relay, 0L2, located in the power motor armature circuit, 
is a thermal type relay and provides overload protection to the araplidyne 
and power motor. This relay is reset hy an electrical reset, HR?. 

The local supply transformer furnishes 115 volt, 60 cycle supply 
for the magnetic controllers. 

The field supply transformer furnishes the plate voltage for the 
thyratrons in the field supply unit. 

7. Rower Supply 

Since no 440 volt, 3 phase supply was available, it was 

necessary to use 4 to 1 step-up transformers. The transformers were 

/'• 

connected - . Because of the heavy current drawn, even with the 

reactor in series, it was found impossible to start the motor on the 
220 volt, 3 phase primary supply without fusing the line above its safe 
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operating limit. Therefore a triple pole double throw switch was put in 
the primary circuit of the transformer* permitting the use of a 197 volt, 
3 phage supply for starting and the 220 volt for running. Because of 
the poor regulation in the 197 v olt supply the current never exceeded 
the line's safe capacity. When operating on the 2P0 volt supply/ regula- 
tion was sufficient to reduce the secondary output line voltage to near 
450 volts rather than the anticipated 520 volts as results at no load. 

Instead of using either of the amplifiers supplied, one was con- 
structed as indicated in Figure B-3, Its function was to amplify the 
signal to be applied to the amplidyne's control field. It consisted of 
two 6 l 6 tubes connected for push-pull operation with variable grid leak 
resistors for balancing purposes. The signals applied to the grids of 
these tubes were controlled by means of a double, 100 K, potentiometer 
connected across a 22-1/2 volt battery. Varying the input signals 
varied the output motor speed through control of the field difference 
current. Each grid circuit also contained a l 6 -l /2 volt battery across 
a 20 K potentiometer so that the operating point of the tube might be 
easily selected. 

With this amplifier and the set-up as indicated in Figure B-l, tests 
were conducted for zero torque conditions. The amplidyne control field 
difference current was varied over the speed range of the motor in both 
clockwise and counter-clockwise directions. The speed of the motor for 
each value of difference current was observed by a hand tachometer in 
the lower speed levels and by moans of an electric tachometer in the 
higher levels. The motor terminal voltage and the voltage developed 
by the tachometer generator were also observed. This data is presented 
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Amplifier 

Figure B-3 



in Figure* B-U, £-5, and B-G. For this run the zero difference current 
resulted from opposing 35 ■illia*p«re control current*. 

A standard type Prony brake was attached to the power motor as 
Indicated in Figure B-7. The first run vas of motor speed v*. control 
field difference current with no load other than the brake arm's friction 
dreg applied. In this and subsequent tests, zero difference current 
results froa the opposition of 65 milliampere currents. This data is 
presented in Figure 

Tests were conducted on the araplidyn e-power motor combination under 
▼arious torque conditions. A family of torque-speed curves for various 
constant control field difference currents was plotted froa this data 
(Figure Checks wero made at the beginning and end of each run for 

the value of control field difference current necessary to stop the motor 
in both the clockwise and counter-clockwise direction. This value ha< 
a tendency to drift slightly during a run so that corrections to control 
field difference currents were applied, based on these zero readings. 

In addition, it is to be recognized that the Prony brake is not 
accurate at law torque levels so that it is difficult to repeat data 
taken at 10 ft. lbs. or less. It is also in this range that hysteresis 
effects in the power motor are greatest, contributing to this low level 
in accuracy. 

Other relationships for the amplidyne-power motor were obtained 
which might prove interesting to persons conducting a more complete *tudy 
of the system. Curves exemplifying these relationships are enumerated 
below: 

Figure B-S Direct axis current vs. torque for various constant 
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Talues of control field difference current. 



Figure B-9 Speed rs. motor terminal voltage for various constant 
torque levels. 

Figure B -10 Speed vs. control field difference current for various 
constant torque levels. 

Of the curves resulting, the torque- speed relationships depicted in 
Figure lj -1 are tho most important from an analytical point of view. A 
study of this figure indicates the following: 

(a) The system is under-conpounded. For low torque levels the 
speed falls off rapidly with the application of torque. Above 
the 15 ft. lb. torque level the torque-speed relationship 
becomes approximately linear. 

(b) The curves indicate non-uniformity, i.e., the curves are 
unequally spaced for equal increments of control field 
difference current. Also at very low levels of control field 
difference current the shape of the curve differs from that 
obtained at higher levels and falls quickly to zero speed. 

Appendix C discusses tho methods used to overcome these undesirable 
conditions. 
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APPENDIX C 



TORQUE COMPENSATION 



A# indicated previously, it it not enough that the power drive be 
torque-cocroen3ated; it must also have a satisfactory frequency response. 

Of the requirements imposed by this last provision, ore of the most 
important is the legislation against any resonant peaks occurring within 
the expected range of operating frequencies. Thus, though the subjects 
of torque compensation and frequency response are presented as two 
separate appendices, it must be kept in mind that the two problems were 
handled concurrently once initial experiment had indicated the possibility 
of obtaining satisfactory torque- speed curves. 

It is the function of this appendix to report these initial experi- 
ments, to indicate the circuitry used, and to show the results obtained. 
Appendix i> picks up the problem at this point and carries it through to 
the final result as presented in Figures 4-3 and 4-4, the ultimate torque- 
speed curves and frequency response. This division of the material is 
Justified on the basis that, were torque compensation the only criterion, 
the results of the experimental work presented herein would have 
permitted satisfactory adjustment. All subsequent work was necessitated by 
the additional i-equirenent of good frequency response. 

As pointed out in Appendix D (see Figures 4-1, 4-2) , two major faults 
were evident in the torque-speed curves of the asplidyne power drive when 
tested as a unit. These were: 

(1) Poor speed regulation with torque load. 

(2) Non-linearity in the speed versus exciting current relationship. 
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The first of these may "be likened to the effect of an armature 
resistance. For a given terminal voltage (function of control difference 
current) an increase in armature current would increase the voltage drop 
due to this supposed armature resistance. Thus the hack emf would be 
decreased, and, since hack emf is proportional to speed, the speed would 
drop. This hypothetical resistance nay he reduced in value or even made 
to appear negative hy the use of positive feedback. This technique was 
the first employed. The circuit used was that shown in Figure C-l. 

A description of basic operation follows. The resistor, A ? C^ t 
detected variations in motor armature current hy the voltage drop across 
it. This voltage was applied through two potentiometers acting as a 
single resistor center-tapped to ground, thus producing equal hut 
opposite signals on the potentiometers. Through the variable taps of 
the potentiometers the signals were carried to the grids of the tubes of 
the feedback amplifier whose plates were connected in parallel with those 
of the control amplifier. Since feedback was positive, increases in 
the grid swing increased the exciting current so that increased motor 
armature current resulted in increased power to the motor. 

The system was simple hut inadequate. The speed regulation with 
torque load was extremely poor over the low torque range (up to 15 ft. 
lbs.) and approximately linear thereafter till saturation effects took 
charge. This condition demanded that the gain of the feedback loop be 
initially high with subsequent reduction in gain to a constant value. 

The amplifier designed was approximately linear. Renee though excellent 
regulation resulted at high torques, initial speed drops were only 
partially eliminated. In addition, greater gain was demanded at low 
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speeds than at hi^h, so that good adjustment at one level proved to he 

to ° much or to ° &t another. An analysis of this demanded 

variation in amplifier gain is shown in Table I. figure C-2 shows a 

series of curves obtained while exploring the possibilities of this 
first circuit. 
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ANALYSIS OP GAIN REQUIRED TO SECURE ZERO SLOPE 
TOR>&JJ3-S?EitP CURVES UTILIZING POSITIVE FEEDBACK ONLY 
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is the control field difference current, 
i 8 the positive feedback voltage. 



Ho ready means of obtaining an automatic variable gain from the 
feedback amplifier stiggested itself. It was apparent that an additional 
control wa3 needed. Since the function to be controlled was speed, it 
was logical to use speed feedback in some way to obtain this other 
correction. Also it was anticipated that the second major fault of the 
original curves would be eliminated or at least palliated. 

The synchro unit (described in Appendix B) contains a tachometer. 

By applying negative tachoraetric feedback tc the gride of the feedback 
amplifier an approximate speed servo loop resulted. (See Figure C-3). 
For any given speed, an increase in torque tended to decrease the speed. 
The initial speed drop resulted in a smaller signal from the tachometer 
thus allowing the control input signal to have greater effect. This 
increased the exciting current and power to the motor. A now speed 
balance was reached only slightly less than the original speed. It was 
evident that the positive feedback would augment this action by de- 
creasing the amount of regulation the tachonetric feedback had to 
overcome. It seemed a question of balancing the two corrective actions 
so that their net effect would be satisfactory but their coupling small. 

Having sufficient data on the positive feedback system alone, the 
tachometric feedback system was tested separately. Results are shown 
in Figure C- 4 . 

This completed the independent work on torque compensation. 

Analysis of the resultant data was made and certain conclusions drawn 
before proceeding to the combined problem covered in Appendix D. The 
conclusions reached were: 

1. Positive current feedback and negative tachometric feedback 
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Torque Compensation Circuit For Tachometr/c Feedback 



would bo closely coupled If the circuits previously used (Figures C-l, 

C-3) were combined diroctly. 

2. To reduce this coupling, through resistive networks, attenuation 
of the feedback signals would result. Present gain levels did not 
permit this without destroying the feedback effects and 14 was desired to 
keep electronic elements to a minimum thus decreeing against amplifiers 
for each feedback signal. 

3. It seemed logical to apply the positive feedback to the grids 
of the feedback amplifier as was previously done but to shift the 
tachometric feedback to the control signal amplifier thus decoupling 
the feedbacks. This also would simplify installation of corrective 
networks for frequency work. 

U. This change might lead to a need for greater amplification of 
the control signal, but this signal is generally amplified so that a 
stiffer requirement should pose no problem. 

5. Both feedbacks produced better torque-speed curves. Positive 
feedback could provide rising characteristics at high torque levels, and 
very little regulation at low torques. 

6. Tachometric feedback not only attempted to prevent slow-downs 
but also legislated partially against speeding up. 

7. A combination of excessive positive feedback (rising characteris- 
tic) with considerable tachometric feedback to provide stability and to 
limit the speed increase seemed sound and practical. 

S. If necessary, diode clampers or relays could be used in the 
positive feedback path to restrict this feedback to a definite limit, 
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the bias of the clamper or the coil of the relay to bo bo adjusted as 
to function vhen the torcue liaa reached a certain value. (Basically 
as previously shown in -figure B— S motor armature current is wirectly 
proportional to torque.) 

9. It might prove desirable to use a separate resistive element 
in the motor armature circuit to provide voltage for use as positive 
feedback. The resistive element supplied in the motor is highly 
inductive. 
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APPENDIX D 



yRBi&jsarcY response 

The equipment used to obtain all frequency reeponse test data 
coneisted of a sine drive to provide the forcing function and a five 
Inch Dumont cathode ray oscilloscope to view the Input and output 
presented as a Lissajous figure. 

The sine drive had been built previously for use in such work, and 

is a standard item in the Servomechanisms Laboratory at M. I. T. 

Briefly, it is an AC electric motor with variac speed control driving 

a rack in reciprocating linear motion by means of a Scotch yoke. The 

rack meshes with a pinion which serves as the first gear in a long train 

driving ultimately the shaft to which the double control potentiometer 

vas attached. The linear motion of the rack was converted into rotary 

motion which, by the principle of the Scotch yoke, was purely sinusoidal 

except for machining inaccuracies and backlash in the gearing. The 

o 

potentiomoter thus mounted produced two sine waves 180 out of phase to 
serve as control signals. Later work necessitated the mounting of a 
second such potentiometer to provide an input reference signal for the 
oscilloscope. 

The input reference signal for the oscilloscope, coming from a 
potentiometer energized by battery, vas too weak to be used directly on 
the plates. When tried on the amplifier of the oscilloscope, the signal 
was found to be too jittery, producing a line of varying intensity and 
length rather than a spot. Any condenser sufficient to remove this 
pickup and "hash’* served to mask All low frequency change in the signal. 
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In consequence a simple amplifier was "built for this input signal 
(Figure D-l). The output of this amplifier was attached directly to 
the X-axis plates vith .1 microfarad shunting condensers to the case. 




. ~75M 

Figure D-l 

The output reference signal was taken from the tachometer in the 
synchro unit. The tachometer was veil made with sufficient commutator 
Vrs so as to have no discernible ripple in its output. Pickup in this 
generator was negligible. The plot of tachometer output voltage versus 
speed (Figure 3-6) proved this voltage to be an excellent representation 
of speed even down to sero speed levels. The magnitude of the tacho- 
meter output voltage was such as to permit it to be applied directly to 
the X-axis plates of the CliO. Mo shunting condensers were employed. 

The first run provided data for the plotting of the frequency 
response of the araplidyne motor without feedback. (Figure . 

This data served as a framework against which to measure ioprove- 
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■lent in the frequency response and from vhich to deduce certain aims. 
The improvement deeired consisted, first, of keeping the phase shift 
as small as possible with the hope of reaching 90° at a frequency 
greater than one cycle per second, and second, of keeping the gain at 
unity as far out as possible. In this connection it was deemed best to 
accept a slight resonant peak in exchange for a higher resonant frequency 
and consequent improved phase shift. 

While discussing frequency response, it is appropriate to consider 
transient response— another forza of the same data. l>uring the work of 
torque compensation discussed in Appendix C it had been noted that the 
transient action of the system responding to a step function of torque 
had been very poor with positive feedback alone, fair considering the 
motor without any feedback, and faster vrith tachometric feedback. It 
was the additional aim, therefore, during these frequency response 
tests to obtain as fast a transient response as possible with the desire 
that the system be near critically damped but favoring underdamping. 

This decision was premised on the fact that with slightly less than 
critical damping there would be one or two small speed oscillations 
but the noticeable transient action would be over faster than if the 
system were critically damped or overdamped. These oscillations had to 
be kept small so that their effect on the personnel riding the gun, 
through the introduction of large accelerations, would not be disastrous. 
This fitted in well with the previous reasoning on the desired improve- 
ment of the frequency response. 

Much experimental work followed. The resistive clement in the 
motor was replaced by an external pure resistance as the source of 
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positive feedback. By increasing the size of this resistor it was 
poesible to obtain rising torque-speed characteristics for the motor 
with higher value# of cathode resistance in the feedback amplifier than 
had previously been possible. This provided a more linear output from 
thi* amplifier with change in grid signal. Tachometric feedback was 
applied to the grids of the control signal amplifier. By virtue of 
this change loss attenuation of the signal was necessary providing 
increased speed control. The values of attenuating resistors in the 
two feedback networks and the settings of the cathode resistors in the 
feedback amplifier were determined empirically. 

'with torque-speed curves resulting from test data showing fair 
regulation, attention was turned to corrective networks in the feedback 
paths to enhance frequency response. A lead network in the tachometric 
feedback path would help speed up response and increase gain by making 
the system responsive to acceleration demands. In addition it would 
decrease the time lag in the system and aid in holding down phase shift. 
Since all frequencies involved were in the vicinity of 1 cps, a time 
constant in this lead network near .15 seconds was judged satisfactory. 
Using a decade box capacitance variable from 1 to 10 microfarads, the 
resistive elements in the tachometric feedback path were stepped up 
proportionately to the magnitude of hundreds of kilohms to provide 
circuit time constants near this value. Since the positive feedback 
path led to instability, an integral network was placed in its path to 
smooth out rapid fluctuations in voltage. This permitted the use of 
greater positive feedback, but slowed the overall system a little and 
increased the phase shift. Attenuating resistors on the order of a 
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megohm were introduced. Time constant* much smaller than in tho lead 
network were anticipated *o that the changes in the positive feedback 
voltage would not be completely suppressed. Thi* led to selection of 
a decade box capacitance variablo from .01 microfarad to 1.1 microfarad 
in *01 microfarad steps. 

Although it vas considered possible to improve overall response 
through the use of a filter circuit in the control signal input , no 
such tests were conducted. Tho reasoning governing this decision was 
that any such network vas actually external to the amplidyne-motor 
combination. As such it was an element in the rate servo loop using 
this power drive. Since it vas already planned that the synthesis of 
such networks in the overall loop would be done graphically in Chapter 5» 
using the decibel-log frequency technique, there was nothing to be 
gained by duplication of effort. 

To select the final values of time constants in each corrective 
network the azsplidyne was energized with sufficient signal to give a 
low speed output at the motor. By applying a step function of torque 
the condenser values were adjusted to give a fast slightly underdamped 
transient response. The control signal was then changed to a sinusoidal 
input at the frequency which corresponded to the 90° phase shift point 
of the uncompensated amplidyne-motor. The condenser values were again 
adjusted to reduce this phase shift to a minimum. This setting was 
then tested by increasing the frequency to note tho magnitude of the 
resonant peak and the new frequency at which 90° phase shift occurred. 

It became necessary to accept slightly poorer phase shift adjustment • 
in order to keep the resonant gain peak below 1.3. A compromise was 
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than reached between the observed transient response end the measured 
frequency reeponse in the vicinity of resonance by averaging; the values 
of condenser settings corresponding to each optimum condition. Since 
the condenser values were almost identical, subsequent check showed 
little change in performance. 

The attenuation in the feedback paths was varied to give close speed 

regulation. The criterion selected was that speed change should be no 

Bore than 4 10 ,j of no load speed as load increased from 0 to 60 ft. lbs. 

♦ 

Sixty ft, lbs. was considered maximum since at values slightly higher 
than this the overload relay in the motor armature circuit tripped. It 
was found possible to meet this condition down to no load speeds as low 
as 200 rpsa's. Below this the best that could be done was to restrict 
speed variations to * 20 rpra's. In consequence below about JO rpm's the 
motor performance was unreliable and stalled repeatedly with a load of 
8 to 10 ft. lbs. To obtain this performance two diode clampers in 
parallel with 1.5 volts above ground cathode bias were inserted in the 
positive feedback channel to limit the effect of this feedback at high 
torques (above about 10 ft. lbs.). After the corrective networks were 
adjusted as described in the last paragraph it was found that the best 
frequency response resulted from this optimum adjustment for torque- 
speed characteristic. Thus no compromise was required between these 
two important performance criteria. Figure D-2 has been included to 
show graphically the net improvement in the torque-speed curves and the 
separate effect of each type of feedback. 

Vith the circuit adjusted as shown in Figure D-3. final data for 
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torque- speed curves and frequency response were obtained. These curves 
are presented in ligures 4-3 nni 4-4 respectively. It is interesting 
to note that, as estimated in Chapter 3, the final frequency response 
of the anrplidyne-notor may be closely approximated by a transfer function 



of the form K 

77 
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^Ts 



4 1 



where T = .133 second and - . 45 . 



This completed the experimental work for the thesis. 
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